INTRODUCTION
Human and simian immunodeficiency viruses (HIV-1, HIV-2, and SIV) utilize the CD4 antigen as a receptor for binding to the cell surface (Dalgleish et at, 1984 ; Klatzmann et al., 1984 ; Sattentau et at, 1988) . The events following binding to CD4 that effect membrane fusion and internalization remain obscure . Many enveloped viruses such as influenza virus, Semliki forest virus, and vesicular stomatitis virus are pH-dependent for entry, whereas others such as paramyxoviruses are pH-independent (Marsh and Helenius, 1989) . HIVs, like most mammalian retroviruses, are pH-independent (Stein etal., 1987 ; McClure etal., 1988 McClure etal., , 1990 , and this is reflected in their capacity to induce cell-to-cell fusion resulting in multinucleated syncytia .
The hemagglutinin (HA) spike glycoprotein of influenza virus determines its pH dependence and requires the acidic environment of the endosome to trigger a conformational change in its structure . This alteration is essential for the HA fusion domain to interact with the endosomal membrane and induce fusion of viral and cell membranes (White et al., 1983) . HIV may require a similar change in structure of the gpl20/gp41 spikes to position the putative gp4l fusion domain (Gallagher, 1987 ; Kowalsky et al., 1987) within reach of the cell membrane . Although little is understood about the sequence of events occurring between CD4 binding and membrane fusion, several observations suggest that at least one event is needed at this stage : ' To whom requests for reprints should be addressed .
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(1) Mouse cells of different lineage expressing human CD4 bind virus but infection is blocked before fusion (Maddon et al., 1986) . CD4 constructs with truncated cytoplasmic sequences, with substituted murine CD4 cytoplasmic domains, or with the two CD4 N-terminal domains linked to the cell membrane by a glycophosphotidyl inositol tail confer susceptibility to human HeLa cells but not to mouse cells (Bedinger et al ., 1988 ; Maddon et al-, 1988 ; Diamond et al ., 1990) .
(2) Antibodies to the major type-specific neutralization epitope on gp120 (the V3 loop, amino acid residues 306-325) efficiently inhibit infection after adsorption to cells, and do not affect the virion/CD4 interaction (Linsley et al., 1988 ; Skinner et al., 1988) .
(3) Single amino acid changes at residues 266, 267, and 268 in gp 120 lead to viral mutants that bind to CD4 but are not infectious (Willey et al., 1988) . Antibodies raised to synthetic peptides spanning residues 254-274 of gpl 20 neutralize HIV-1 strains without affecting CD4 binding (Ho at al., 1988) .
(4) Regions of CD4 not required for gpl20 binding may play a role in postbinding events leading to membrane fusion (Camerini and Seed, 1990 ; Healey et al ., 1990) .
We expressed human CD4 on cell lines derived from rabbit, rat, hamster, cat, and mink to ascertain whether the restriction to infection of CD4' mouse cells was widespread among different species . Further CD4' cell lines derived from human, rhesus macaque and African green monkey cells were constructed to investigate their susceptibility to HIV-1, HIV-2, and SIV strains, While none of the non-primate cell lines was permissive for HIV or SIV, we observed differential susceptibilities of human and simian cells expressing human CD4 .
MATERIALS AND METHODS

Cell lines
CD4' cell lines constructed included human glioma U87 .MG (Westermark et al ., 1973) , human rhabdomyosarcoma TE671/ RD (McAllister et al., 1977 ; Stratton et al., 1989) , human (class I negative, EBV transformed) B cell line Daudi (Ploegh at al., 1979) rhesus macaque kidney LLCMK2 (Hull etal., 1962) , and FRhK/ 4T (Wallace at al., 1973) , African green monkey BGM (Barron et at, 1970) , rabbit corneal SIRC (Leerhoy, 1965) , cat kidney CCC (Crandel et al., 1973) , mink lung My-1-lu (CCL64, Henderson at al., 1974) , Chinese hamster ovary (CHO) cells (Stephens et al ., 1990 ), rat XC cells (Simkovic et al., 1963 , rat leukemic basophil 2H3 (Siragarian et al., 1982) , and rat sarcoma HSN (Currie and Gage, 1973) . Human HeLa-CD4' cells were provided by P . Maddon (Maddon et at, 1986) . All these cell lines except Daudi-CD4' were maintained in Dulbecco's modified Eagle's medium with 5% fetal calf serum (FCS) . Human lymphoid cell lines, C8166 (Salahuddin at al., 1983 ), H9 (Popovic at al., 1984 , MOLT 4 (clone 8) (Ohta et al., 1988) , and Daudi were maintained in RPMI 1640 and 10% FCS .
Viruses
HIV-1 strains used in this study were HTLV-IIIB (IIIB) and HTLV-IIIRF (RF) (Popovic etal ., 1984) , SF-2 (Levy at al., 1984) , NY5 (Benn et al., 1985) , CBL-4, Z84, and Z129 , U455 (Oram et al., 1990) , and Z34 (Srinivasan at al., 1987) . NDK (Spire et al., 1989) was provided by B . Spire .
HIV-2 strains used were LAV-2 ROD (Clavel et al., 1986) , SBL6669 (Albert et al., 1987) , CBL-20, CBL-21, CBL-22, and CBL-23 (Schulz et al., 1990) . SIVAGM strain TYO-2 (Ohta etal ., 1988) was obtained from M . Hayami . SIV MAO strain 251 (Daniel et al., 1985) and its derivative 32H (Cranage et al., 1989) were obtained from H . Holmes . SIV SM strain B690 was provided by M . Murphey-Corb (Murphey-Corb et al., 1986) .
Monoclonal antibodies (mAbs)
OKT4 A (Ortho Diagnostics), Leu 3a (Becton Dickinson), and 318/4120 (Evans and Co .) were used for surface CD4 labeling . These antibodies bind to the V1 domain of CD4 and sensitively inhibit HIV infection of CD4' T-cells . CLAPHAM, BLANC, AND WEISS B2 .62 .2 (immunotech) and HC11 .151 .1 (a gift from C . Devaux) are monoclonal antibodies to human p-2microglobulin . W6/32 (Serolabs) reacts with a conserved epitope expressed on all human class I heavy chains .
CD4 expression on mammalian cell lines 'Y-AM/CD4 and PA317/CD4 cells were provided by P . Maddon (Columbia University, New York) and B . Chesebro (National Institutes of Health, Hamilton, MT), respectively . Both cell lines produce amphotropic retrovirus particles encoding the cDNA of the CD4 message downstream from the MoMLV LTR promoter as well as a neomycin resistance-selectable marker (Maddon etal ., 1986) . Target cell lines, subconfluent in exponential growth phase, were infected with viruscontaining supernatant from either 'F-AM/CD4 or PA317/CD4 cell cultures . Cells were incubated for 2 days at 37°, before dividing into 10 new cultures and adding selection medium containing geneticin G418 (GIBCO), usually at 1 mg/ml . Cultures were fed twice weekly with fresh G418-containing medium until resistant colonies of cells emerged . Resistant cells were tested for CD4 expression by immunofluorescent staining and either used as a pool or cloned by limiting dilution to select cells expressing high levels of CD4 .
Production and assay of HIV and SIV stocks
Production and assay of HIV-1 and HIV-2 stocks were as described previously (Clapham et al., 1987 ; Schulz et al., 1990) . The optimum conditions for the preparation of SIV stocks are less well defined . Chronically infected H9 or C8166 cells were mixed with four times as many MOLT 4 cells and resuspended in medium at 5 X 10 5 cells/ml . Supernatant was harvested when extensive cytopathology (syncytia) was apparent . SIV infection was titrated on MOLT 4 cells using the end-point dilution protocol described previously for HIV (Clapham at al., 1987) .
Syncytium induction assays
Cell fusion was carried out by mixing equal numbers of virus-producing cells and appropriate indicator cells (5 X 10 5 cells of each type in 1 ml per 1-cm diameter well) . After overnight incubation, syncytia were scored . Cells were washed once in serum-free phosphate-buffered saline and fixed and stained in methanol containing 1 % methylene blue and 0 .25% basic fuchsin for 10 min . Cell layers were then washed in tap water and examined for syncytia by low-power microscopy .
Cell fusion was also used as an indication of HIV or SIV production . C8166 cells were used as indicators for HIV-1 and HIV-2 syncytia and MOLT 4 cells were preferred for SIV fusion . In these assays, the presence of giant syncytia was determined in suspension without staining .
An estimate of the fraction of nuclei incorporated into syncytia in adherent cells was made and recorded as follows ; -, <2% ; +, 2-5% ; ++, 5-20% ; +++, 20-50% ; ++++, >50% .
Vesicular stomatitis virus (VSV) pseudotypes
Production and assay of VSV pseudotypes bearing envelope glycoproteins of HIV were similar to those previously described for human retroviruses (Clapham et al ., 1984 (Clapham et al ., , 1987 . Briefly, excess neutralizing sheep anti-VSV serum (provided by J . Zavada) was added to VSV harvested from cells chronically infected with HIV-1 or HIV-2 . Pseudotypes were plated on cell layers seeded at 2 .5 x 10 5 cells per 3-cm-diameter well 1 day before infection . Pseudotype was adsorbed to polybrene-treated (20 pg/ml) cells for 1 hr before washing and adding excess mink lung cells (Mv-1-lu, not susceptible to HIV) . Mink cells acted as a plaque indicator layer for progeny VSV released from test cells infected with pseudotype . After attachment of the mink cells (1 .5 hr), the cells were overlaid with agar medium . Plaques were counted 1-2 days after plating .
Immunofluorescence assays
Adherent cells were detached by Versene and stained as for suspension cells . Appropriate concentrations of anti-CD4 monoclonal antibody (Leu3a) were added to 5 x 10 5 cells containing 0 .02% sodium azide and incubated at 37° for 30 min . After two washes in phosphate-buffered saline containing azide and 1% FCS, the cells were incubated for a further 30 min in fluorescein isothiocyanate (FITC) conjugated with rabbit anti-mouse IgG . A sample of cells were then examined by fluorescence microscopy and the percentage of fluorescing cells recorded . Samples for flow cytometry analysis were prepared in the same way .
Radiolabeling assays for estimating surface CD4 and gp120 binding CD4 assay . The anti-CD4 monoclonal antibody, mAb 318/4120 (Evans and Co .), was used for most cell lines . Adherent cells expressing surface CD4 and CD4-control cells were plated in 1-cm wells (10 5 cells in 1 ml) 2 days before assay . All reagents were diluted in complete phosphate-buffered saline containing 1% FCS and 0 .02% sodium azide (cPBS/FCS/NaN 3) . Initially mAb 318 was titrated on the highest-expressing HIV AND SIV INFECTION OF CD4` CELLS 705 CD4 cell line to ensure that saturating levels were used in each assay . One hundred microliters of mAb 318 (10 gg/ml) was added to cell layers and incubated at 4° for 60 min and washed twice in cPBS and 100 pl of anti-mouse IgG/ 1251 conjugate (10 5 cpm/ml, Amersham) was added for a further 60 min at 4°. The cell layer was washed three times and solubilized in 100 ul 4 M sodium hydroxide and 100 µl 1 % empigen before counting in a gamma counter (Beckman 5500B) . For suspension cells, assays were carried out in V-bottom 96-well plates . One hundred thousand cells were tested in each sample and washes were performed by pelleting cells at low speed . CD4 expression on CHO, XC, 2H3, and Daudi cells was measured in the same way but using mAb Leu 3a .
gp120 binding assay. Purified recombinant gp120 (derived from HIV-1 1118) produced from Chinese hamster ovary (CHO) cells was provided by P . Stephens (Celltech) . One hundred microliters gp120 (2 µg/ml) was added to cells as described in the CD4 assay and incubated at 4° for 60 min before washing twice in cPBS/FCS/NaN 3 . One hundred microliters of anti-gpl20 mAb 110 .5 (Kinney Thomas et al., 1988) (Genetic Systems) ascites diluted 1/400 was added and the cells again were incubated at 4° for 60 min and washed as before . One hundred microliters of IgG/ 125 1 conjugate (10 5 cpm/ml) (Amersham) was added and incubated at 4° for 60 min as before . Cell layers were then solubilized and counted as described for the CD4 assay . Suspension cells were treated as in the CD4 assay . g p 120 binding on CD4` TE671, U87, and Daudi cells was also estimated by direct labeling with an 125 1-gpl20 conjugate (provided by A . Pelchen-Matthews) .
Activation of 2H3 cells
CD4' and CD4 -2H3 rat leukemic basophil cells (10 6 cells/ml) were primed by incubating with rat IgE (10 µg/ml) (provided by C . Dean) in growth medium at 37°o n a rotary mixer . The cells were washed once and goat anti-mouse immunoglobulin (Serolabs, 1/1000) was added with 100 tl of 1118 virus or with 100 µl of medium (mock-infected), for 30 min at 37°. The mockinfected cells were assessed for activation of basophil granules by testing for the release of proteases as follows . Clarified cell lysate 2 X 50 µl was added to 50 µl of substrate, 1 mM p-nitrophenyl-N-acetyl-/3-D-glucosaminide (Sigma) in 0 .2 M sodium citrate, pH 4 .5 . Samples were placed in wells in a 96-well plate and incubated for 45 min at room temperature . Unstimulated 2H3 cells were used as a negative control and the reaction was quenched by addition of 100 µ l of bicarbonate buffer (0 .5 M, pH 9) . Protease activity was assessed by reading color development in wells at 400 nM. Infected cells were incubated at 37° and assessed each day for cpe as well as harvesting supernatant every 4 days to test for p24 antigen presence .
ELISA for detection of HIV-1 p24 gag antigen
One hundred microliters of p24 capture antibody D7320 (Aalto Bioreagents, Dublin) (10 µg/ml in 100 mM sodium bicarbonate, pH 8 .5) was added to each well of a 96-well plate and incubated overnight at room temperature . D7320 was raised against three conserved HIV-1 gag peptides . Wells were then washed twice with 200,ulTBS buffer (25 mMTris-HCI, 144 mM NaCl, pH 7 .5) and treated with 2% milk powder (Cadbury's Marvel) in TBS for 30 min at room temperature . Supernatants for testing (from virus-producing cultures) were inactivated by adding empigen zwitterionic detergent (Surfachem Ltd .) to 1 % and further diluted to give a final concentration of empigen of 0 .05% . Further dilutions were made in TBS + 0 .05% empigen where appropriate . One hundred-microliter samples in duplicate were added to wells and incubated for 3-4 hr at room temperature . The wells were washed twice in 200 Al TBS and an anti-p24/alkaline phosphatase conjugate (EH12E1-AP) (Novo Biolabs, Cambridge) added . The EH 12E1-AP was used at a predetermined concentration of 1/1000 in TMT-SS (TMT-SS is TBS containing 4% milk powder, 20% sheep serum, and 0 .5% tween 20), for 1 hr at room temperature . This time wells were washed 6 times in 200 µl of AMPAK-WASH, before amplifying using an AMPAK kit (Novo Biolabs, Cambridge) . The optical density was then measured at 490 nm on a Dynatech MR710 microplate reader . The assay was calibrated with recombinant p24 (HTLV-IIIB) purified from Ty yeast particles (British Biotechnology Ltd .) .
Reverse transcriptase assay
Reverse transcriptase assays followed the method of Hoffman et aL (1985) precisely . Supernatant culture fluid was harvested from HIV-or SIV-producing cultures . The RNA-directed DNA polymerase activity was assayed without concentrating the virus, using an exogenous, synthetic poly(rA)-oligo(dT) template-primer with Mgt' as the divalent cation .
Polymerase chain reaction
Polymerase chain reactions (PCRs) for DNA amplification were carried out essentially as described by Saiki et al. (1986) . Between 0 .1 and 1 µg of DNA extracted from test cells was mixed with 250 ng of each CLAPHAM, BLANC, AND WEISS primer (see below) and added to the four dNTPs (0 .2 uM) in 10 mM Tris-HCI, pH 8, 50 mM KCI, 2 mM MgCl 2 . Taq polymerase enzyme (2 .5 units) was added to each reaction mix in a total volume of 100 µl . 30 sequential cycles of amplification were carried out ; 95°f or 1 .5 min, 55° for 2 min and 72° for 3 min . Primers used were derived from the HTLV-IIIB gag sequence :
These primers generated a 240-bp band fragment in positive samples . Fifty microliters of each amplification product was run on a 1 .5% agarose gel and photographed after ethidium bromide staining and uv transillumination .
Polyethylene glycol-induced infection of CD4' mink cells
The fusigen polyethylene glycol (PEG) was added to HIV-1-adsorbed mink-CD4' cells to induce fusion of cell and virus membranes . One hundred thousand mink-CD4' cells were seeded in 1-cm-diameter wells of a 24-well cluster dish, 2 days before infection . One hundred microliters of HIV-1/RF virus (10 6 TCIDS for C8166 cells) was added on ice and allowed to adsorb for 1 hr . One-half milliliter of 50% PEG (1500) in growth medium prewarmed to 37° was added and the cell tray kept at 37°. After 1 min an equal volume of medium was added dropwise over a 2-min period . The well was then filled up with growth medium dropwise, before washing, adding fresh medium, and incubating at 37°. After 2 days incubation and subsequently twice weekly, the cell layers were trypsinized and passaged . After 1 and 2 weeks, cell samples were cocultivated with C8166 cells to detect progeny virus . Supernatant was also collected for p24 and reverse transcriptase assays .
RESULTS
CD4 expression and gpl 20 binding of CD4' cell lines CD4' cell lines of various mammalian species were prepared as described under Materials and Methods . Figure 1 shows the flow cytometry analysis of Leu 3astained mink cells before and after CD4 introduction, and also the fluorescence microscopy of the same cells . A wide range of CD4 expression is apparent on uncloned CD4' mink cells . CD4 expression by each Figure 2a shows the level of anti-CD4 mAb 318 binding detected on selected cell lines compared to CD4-parental cells . CD4 expression varied from cell type to cell type and between individual clones (not shown) . In general, mink cells expressed the most, and human TE671 and Daudi cells, the least . The transfected cell lines, XC, CHO, and 2H3, also expressed significant levels of surface CD4 (data not shown) . The ability of surface CD4 to bind recombinant gp120 derived from HIV-1/Ill B was also measured . levels roughly proportional to the amount of CD4 expression measured by anti-CD4 mAb binding .
It may be noted that surface CD4 expression was detectable on TE671 cells both by anti-CD4 mAb binding and by gpl 20 binding, yet it was barely above the background, nonspecific level of CD4 -parental TE671 cells . CD4 -U87 glioma cells bound more gp120 than did CD4 -TE671 cells (Fig . 2b) . Whereas CD4 -TE671 cells are weakly permissive to HIV-1 infection by a CD4-independent entry route, U87 cells are resistant (Clapham et al., 1989) . There was thus no apparent relationship between the amount of gpl 20 bound to CD4 -cells and susceptibility to HIV infection by routes independent of CD4 .
Susceptibility of CD4+ cell lines to HIV-1 infection and cell fusion
CD4' non-human cell lines (from four taxonomic orders of mammal) were exposed to 10 5 or more TCID of HIV-1 /RF or III B, and the cells were split twice weekly and monitored for virus replication . Reverse transcriptase activity was not detected in the supernatant on any occasion, nor could infectivity be rescued by cocultivation with the highly permissive human T-cell line, C8166 . Supernatant samples from XC-CD4+, CHO-CD4+, and 2H3-CD4+were negative for p24 antigen, 1 and 2 weeks postinfection . In contrast, each of the CD4+ human cell lines, constructed in parallel using the same CD4 expression vector, were readily infected with HIV-1, with the exception of U87 glioma cells (Table 1) .
Each CD4` cell line was also tested for susceptibility to HIV-1-induced fusion by cocultivation with a "high" HIV-1 producer cell line (H9/RF or H9/IIIB) . No syncytia were observed in CD4+ non-human cell lines after overnight or more prolonged cocultivation with either H9/RF or H9/1118 (Table 1) . These producer cells both caused massive syncytium induction after cocultivation with the CD4+ human cell lines C8166, Daudi-CD4', HeLa-CD4+, and TE671-CD4`. No syncytia were apparent in U87-CD4+ cells and only moderate cell fusion occurred in HOS-CD4+ cells .
VSV(HIV-1) pseudotypes are phenotypically mixed virus particles that bear the envelope glycoproteins of HIV and require a functional HIV surface receptor for attachment and membrane penetration (Dalgleish et at, 1984 ; Clapham et al., 1987) . After cell entry and uncoating, the VSV genome replicates to release viral progeny and cause cell death within a few hours . VSV(HIV) pseudotypes can thus be used as a plaqueforming assay specific for HIV penetration and envelope uncoating (Dalgleish et al., 1984 ; McClure et al., 1988) . Table 1 shows that VSV(HIV-1) pseudotypes HIV-1 infection is shown as the log o TCID end-point titration of a stock of HIV/RF . Infection was detected by cell fusion of appropriate CD4* indicator cells as well as reverse transcriptase or p24 detection in cell culture supernatants .° Cell fusion was tested by cocultivating virus producer cells with CD4 + test cells and examining for the presence of syncytia after overnight incubation .
'Titers of VSV(HIV-1) pseudotype prepared with the RF strain of HIV-1 are shown as log o PFU/ml . Nonpseudotype VSV plated at > 10 8 PFU/ml on each cell type .
NT, not tested . e AGM . African green monkey . r HIV-1 cell fusion, infection, and VSV pseudotypes were completely blocked by CD4 mAb (Leu 3a) and by sCD4 . failed to produce plaques (above background) on the CD4* non-human cell lines . Titers ranging from 103 to >1 0°P FU/ml were recorded on CD4+ human cells, except U87-CD4' . Proteolytic cleavage of gpl20 in the V3 loop has been implicated in the entry of HIV-1 (Hattori et al., 1989 ; Stephens et al ., 1990) . Cleavage of gp70 of ecotropic murine leukemia virus (MLV-E) occurs after cell uptake, probably in the endosomes (Andersen, 1985 (Andersen, , 1987 . MLV-E infection of mouse fibroblasts is pH dependent, whereas infection of fusion-sensitive rat XC cells is pH-independent, suggesting that a pH-independent protease might be active on the surface of XC cells (McClure et al., 1990) . CD4* rat XC cells were therefore constructed and included in tests for HIV infection as well as the rat leukemic basophil line, 2H3, which degranulates after activation to release histamine and many proteases . However, no evidence of infection of XC-CD4* or 2H3-CD4' cells by HIV-1 was obtained (Table 1) , even after activation .
Species
Recombinant gpl20 derived from aging hamster CHO cells was shown to be cleaved in the V3 loop (Stephens et al., 1990) , so CHO-CD4' cells were also constructed and tested for HIV infection . As described above, these cells, like the other CD4' non-primate cells, were not infectible by HIV-1 (Table 1) . Since our CHO cells generated a background level of spontaneous syncytia during culture, it was difficult to assess precisely whether further fusion occurred after HIV infection . For this reason, proviral evidence of HIV infection was sought . DNA was extracted from CHO cells exposed to HIV-1 and subjected to PCR analysis using gag-specific primers . While PCR amplification of DNA gag sequences yielded bands of the predicted size on an agarose gel ( Fig . 3) using DNA from infected human CD4* cells (confirmed by Southern blot), none was detected in CD4' CHO or mink cells . The lack of proviral DNA in these cells provides further evidence that the restriction to infection occurs early in the HIV replication cycle .
Taken together, these results show that CD4 expression on the non-human cell lines studied was not sufficient to render these cells permissive to HIV-1 infection or cell fusion . Syncytium induction in CD4' cells by chronically infected, HIV-1 producer cells occurs within a few hours and does not require HIV replication . The failure of the CD4 4 non-primate cells to form syncytia indicates that the block to infection occurs at or before membrane fusion . The lack of VSV(HIV-1) pseudotype infection provides further evidence that the site of the restriction occurs before viral penetration and uncoating, as all cell types were fully permissive for VSV replication . Since gpl20 bound to CD4 on transfected non-human cells, but the cells were not permissive to cell fusion or VSV(HIV-1) infection, we assumed that an essential step in infection was lacking aftervirion binding but before uncoating . We therefore investigated whether bound HIV-1 virions would functionally infect cells after treatment with the membrane fusigen, PEG, as the infection of env Rous sarcoma virus has previously been reported by a similar technique (Weiss et at, 1977) . HIV-1 (RF strain, 10 6 TCID) was adsorbed to mink-CD4' cells, which were subsequently exposed to PEG . HIV-1 infection was detected by p24 antigen and by rescue of progeny virus upon cocultivation with the permissive cell line, C8166 . The results (Table 2) demonstrate that mink-CD4' cells are permissive to low-titer replication of HIV-1, provided that entry is mediated through PEG fusion . Thus cell penetration appears to be the block to infection in CD4* nonpermissive cells .
Susceptibility of CD4' cell lines to HIV-2 and SIV infection
We investigated whether selected CD4+ cell lines were susceptible to infection by HIV-2 and SIV. Titration of these viruses in parallel to HIV-1 revealed significant differences in patterns of susceptibility (Fig . 4a) , and these were reflected in the plating of VSV(HIV-1) and VSV(HIV-2) pseudotypes (Fig . 4b) . For example, human TE671-CD4+ cells were susceptible to both HIV-1 and HIV-2 but not to SIV MAc , whereas human 6 Infection of mink-CD4* cells was assessed by p24 detection (measured in OD units) or reverse transcriptase activity (RT) in the cell supernatant 10 days postinfection .
C8166 cells were added to mink-CD4cells 10 days after infection and rescued virus was measured 5 days later . NT, not tested .
U87 cells were selectively sensitive only to HIV-2 and SIV . The rhesus macaque kidney line LLCMK2 was sensitive only to SIV MAC , whereas another rhesus kidney line, FRhK, also showed a low susceptibility to HIV-2 (Fig . 4) . The two rhesus cell lines were also sensitive to infection by SIV sM (data not shown) . The rhesus monkey cell lines supported chronic production of SIV MAC . CD4 -parental cells were not permissive, and infection of the CD4* lines was blocked by Leu 3a antibody . The Buffalo green monkey (BGM) cell line of AGM did not support HIV-1, HIV-2, SIV MAC , SIVSM , or SIV AGM replication ; however, a low though significant plating of VSV(HIV-2) pseudotype was observed .
The susceptibility of CD4* primate cell lines was next tested in syncytium induction assays . Figure 5 shows the induction of syncytia by HIV-1, HIV-2, and SIV MAC in CD4* TE671 and U87 cells . To investigate whether the selective tropisms of HIV-1, HIV-2, and SIV for the different cell lines was a general property of these virus types, 19 distinct virus strains were examined (Table 3 ) . Ten strains of HIV-1, including 6 African strains with widely divergent env sequences, induced cell fusion in TE671-CD4* cells but not in U87-CD4* cells . Conversely, 6 distinct isolates of HIV-2 induced syncytia in both types of human cell, though LAV -2ROD and CBL-22 did so more efficiently than the other strains in U87 cells . Table 3 also shows differential sensitivity to cell fusion of the simian cell lines expressing human CD4 . The FRhK rhesus line was sensitive to all strains of HIV-2 and SIV whereas the LLCMK2 line was sensitive only to SIVMAC and SIVSM . The BGM line of CLAPHAM, BLANC, AND WEISS African green monkey cells showed differential sensitivity to HIV-2 isolates . It is interesting to note that while the BGM line was sensitive to cell fusion by HIV-2 LAV-2RO0 and by all SIV strains (Table 3) , and to a lesser extent to VSV(HIV-2) pseudotypes (Fig . 4b) , it did not support replication of LAV-2 ROD or SIV MAC (Fig . 4a) . The BGM-CD4* cells thus appear to be permissive for HIV-2 and SIV entry but exert a postpenetration restriction of viral replication .
DISCUSSION
We have shown that HIV-1, HIV-2, and SIV strains exhibit distinct tropisms for human and simian cell lines expressing recombinant human CD4 . Among the human cell lines, CD4* TE671 cells are permissive for 10 HIV-1 and 6 HIV-2 strains but not for 3 SIV strains, and CD4* U87 cells are susceptible to the HIV-2 and SIV strains but not to HIV-1 . VSV(HIV) pseudotype assays gave results parallel to HIV infection, indicating that the differences were determined at the cell surface ; this was further supported by cell fusion assays presumed to be independent of virus replication . The lack of HIV-1 infection of U87-CD4' has also been reported by Chesebro et al. (1990) using independently isolated CD4* clones . These authors also showed that transfected HIV-1 DNA resulted in productive replication, indicating that the block to virion infection occurred before proviral integration .
Efficient SIV MAO replication in human T-cells involves specific selection of mutant viruses with a truncated transmembrane glycoprotein (gp32 instead of a gp4l) (Hirsch et al., 1989 ; Cranage et al., 1989) . The status and role of the transmembrane glycoproteins of the SlVs used in this study of nonlymphoid human CD4* cells were not determined, though they were preadapted to growth in human T-cell lines .
HIV AND SIV INFECTION OF CD4' CELLS 7 1 1 HIV-2 SIV Like the CD4' U87 and simian cell lines studied . CD4+ non-primate cell lines expressing human CD4 bound gpl 20 but were nonpermissive for HIV-1 replication . CD4* cell lines of rat, cat, mink, hamster, and rabbit origin were examined, and their resistance to VSV(HIV-1) and to syncytium formation again indicated that a cell surface restriction was the cause .
Successful infection of mink-CD4* cells by polyethylene glycol treatment following HIV adsorption showed that the block to infection could be overcome by inducing membrane fusion . CD4 -mink cells have recently been reported to be permissive to infection by HIV-1 phenotypically mixed with amphotropic murine leukemia virus (Canivet et al ., 1990) . The failure of HIV-1 to infect rabbit cells was interesting in view of the reported infection of two T-cell lines and a macrophage line of rabbits (Kulaga et al., 1988) , and infection of rabbits in vivo (Filice at al., 1988) .
Our results are consistent with those we previously reported for CD4+ mouse cell lines (Maddon et al., 1986 (Maddon et al., , 1988 and for most of the CD4+ non-primate cell lines studied recently with vaccinia virus vectors by Ashorn et al . (1990) . However, Ashorn et al. identified a minority of non-primate cell lines expressing very high levels of CD4 from a vaccinia vector that supported HIV-1-directed cell fusion after cocultivation with human cells expressing HIV-1 envelope glycoproteins . Interestingly, while these cells supported fusion mediated by HIV-1 envelope glycoproteins expressed on human cells, they were resistant to fusion by cocultivation with mouse cells expressing the HIV-1 glycoproteins, although the latter cells were competent for fusion of CD4+ human cells . These findings suggest that events between virion attachment to CD4 and gp4lmediated membrane fusion may be more complex than previously thought . Two surface components additional to CD4 may be needed, one associated with the target cell membrane and the other provided by either the target cell or virus-providing cell .
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